Abstract. The aim of this study was to examine the preventative and therapeutic effects of an angiotensin-converting enzyme inhibitor, perindopril, on cholestasis-induced liver fibrosis. Perindopril was administered orally for 21 days immediately after bile duct ligation at a dose of 2 mg/kg in order to evaluate the preventative effects, and for 21 days starting 3 weeks after bile duct ligation at doses of 2 and 8 mg/kg in order to evaluate the therapeutic effects. With regard to the preventative effects, perindopril reduced the hepatic hydroxyproline content by 33%, collagen-i mrna by 38%, ·-smooth muscle actin (·-SMa)-positive cells by 46%, ·-SMa mrna by 40%, transforming growth factor-β1 (TGF-β1) mrna by 21% and connective tissue growth factor (CTGF) mRNA by 27%. With regard to the therapeutic effects, at 2 mg/kg perindopril had no inhibitory effects on the progression of liver fibrosis, but at 8 mg/kg, it reduced hepatic hydroxyproline contents by 63%, collagen-i mrna by 94%, TGF-β1 mrna by 79%, cTGF mrna by 97% and tissue inhibitor of metalloproteinase-1 mRNA by 87%. Significant decreases in the oxidative stress markers hepatic 4-hydroxy-2-nonenal and 8-hydroxy-2-deoxyguanosine were noted for perindopril administration at 8 mg/kg, but not at 2 mg/kg. In conclusion, perindopril had preventative and therapeutic effects on cholestasis-induced liver fibrosis through the inhibition of oxidative stress and/ or the activation of hepatic stellate cells, thus suggesting the possible application of perindopril as an antifibrotic drug.
Introduction
angiotensin-ii (anG ii) reportedly plays an important role in the pathogenesis of organ fibrosis, in addition to its role in the regulation of systemic blood pressure, and has been shown to promote collagen synthesis by mesangial cells and cardiac fibroblasts (1) (2) (3) . The blockade of ANG II by angiotensinconverting enzyme (ace) inhibitors or by anG ii type 1 receptor (aTr1) antagonists inhibits the progression of organ fibrosis (4) . In addition, ANG II has been shown to induce the proliferation and contraction of human hepatic stellate cells (HScs) (5) and to stimulate transforming growth factor-β1 (TGF-β1) mRNA expression in rat HSCs (6, 7) .
In vivo studies have shown that ace inhibitors or aTr1 antagonists attenuate the progression of experimental hepatic fibrosis (6) (7) (8) (9) (10) (11) . Clinical studies have also shown that ANG II blockers attenuate liver fibrosis in chronic hepatitis C (12, 13) , nonalcoholic steatohepatitis (14) and hepatitis c recurrence after liver transplantation (15) . Perindopril (PE) is clinically available as an ace inhibitor for hypertension and has potent inhibitory effects on ACE in tissue. In this study, we examined the preventative and therapeutic effects, as well as the mechanisms of action, of Pe on cholestasis-induced rat liver fibrosis.
Materials and methods
Animals. Male Wistar rats were purchased from Japan SLC Inc. (Shizuoka, Japan) and were maintained in a room at a controlled temperature of 24±2˚C with a 12-h light-dark cycle. Animals were given standard pellet chow and water ad libitum. Anesthesia was performed by intraperitoneally injecting pentobarbital (Dainippon Pharmaceutical, Japan) at a dose of 50 mg/kg. All experiments were carried out in accordance with the animal experimentation Guidelines of Tottori University.
Establishment of the hepatic fibrosis model and administration of perindopril. Hepatic fibrosis was induced by bile duct ligation (BDL) as described previously (16) . The common bile duct was double-ligated and cut between the ligatures. Control animals for Bdl received a sham-operation in which they were subjected to midline incision and manipulation of the common bile duct without ligation.
We used the 3-week BDL rat model to study the preventative effects on the progression of hepatic fibrosis. The rats in the Bdl+Pe group were orally administered Pe once a day at a dose of 2 mg/kg (Daiichi Co., Japan), which has been shown to be a clinically comparable dose (17) , daily for 21 days immediately after surgery (survival rate, n=8/10). Rats in the BDL group (survival rate, n=7/10) and in the sham group (survival rate, n=5/5) received vehicle once a day for the same period. on day 21, the animals were sacrificed under pentobarbital anesthesia. Blood was collected from the inferior vena cava. Part of the liver was fixed in 10% buffered formalin, while other specimens were immediately snap frozen and stored at -80˚C.
In order to study the therapeutic effects on liver fibrosis, we used the 6-week BDL model. Rats in the BDL+PE group were orally administered Pe once a day at 2 or 8 mg/kg daily for 21 days beginning 3 weeks after Bdl surgery (survival rate, n=7/10 at 2 mg/kg and n=5/8 at 8 mg/kg). Rats in the BDL group (survival rate, n=6/10) and in the sham group (survival rate, n=5/5) received vehicle once a day for the same period. Hepatic tissue and blood samples were collected on day 42. Vitamin k (5 mg/kg) was injected intramuscularly once a week in all groups.
Measurement of hepatic hydroxyproline (Hyp) content.
Hepatic Hyp content was determined according to a previously described method (18) and was expressed as µg Hyp/g liver.
RNA extraction and reverse-transcription polymerase chain reaction (PCR) analysis. Total RNA was isolated from homogenates of whole livers. RNA extraction was performed using Isogen (Nippon Gene Co., Toyama, Japan). RNA concentrations were determined by measuring the absorbance at 260 nm, and RNA quality was verified by electrophoresis on an ethidium bromide-stained 1% agarose gel. Total RNA was reverse transcribed in a final volume of 20 µl containing 1X RT buffer (500 µM each dnTP, 3 mM Mgcl 2 , 75 mM kcl, 50 mM Tris-HCl, pH 8.3), 10 U of Superscript II RNase H -reverse transcriptase (Gibco Brl, life Technologies, karlsruhe, Germany), 1 µl of 50 pmol/µl random primers (Promega, WI, USA), 0.5 µl of 100 pmol/ml oligo dT and 1-5 µg of total RNA. Samples were incubated at 20˚C for 10 min followed by 42˚C for 30 min, and reverse transcriptase was inactivated by heating at 99˚C for 5 min and cooling to 5˚C for 5 min.
Real-time PCR. Ten microliters of reverse transcriptase (RT) samples was used for quantitative real-time PCR. mRNA levels of collagen-i, ·-SMa, TGF-β1, cTGF and tissue inhibitor of metalloproteinase-1 (TiMP-1) were assessed by real-time Pcr assay (light cycler Fast Start dna Master SYBr Green i; Roche Diagnostics, Tokyo, Japan) using β 2 -microglobulin (β 2 -MG) as a housekeeping gene. The forward and reverse primer sequences used are shown in Table I . Thermal cycler conditions were as follows: for collagen-i mrna, hold at 95˚C for 10 min, repeat 40 cycles of 95˚C for 10 sec, 55˚C for 10 sec, and 72˚C for 3 sec; for ·-SMA mRNA, hold at 95˚C for 10 min, repeat 40 cycles of 95˚C for 10 sec, 55˚C for 10 sec, and 72˚C for 6 sec; for TGF-β1 mRNA, hold at 95˚C for 10 min, repeat 40 cycles of 95˚C for 10 sec, 62˚C for 10 sec, and 72˚C for 9 sec; for CTGF mRNA, hold at 95˚C for 10 min, repeat 40 cycles of 95˚C for 10 sec, 55˚C for 10 sec, and 72˚C for 6 sec; for TIMP-1 mRNA, hold at 95˚C for 10 min, repeat 40 cycles of 95˚C for 10 sec, 55˚C for 10 sec, and 72˚C for 6 sec; for β2-MG mRNA, hold at 95˚C for 10 min, repeat 40 cycles of 95˚C for 10 sec, 55˚C for 10 sec, and 72˚C for 5 sec.
Serum T-Bil, AST, ALT and ALP assays. Total-bilirubin (T-Bil), aspartate aminotransferase (aST), alanine aminotransferase (alT) and alkaline phosphatase (alP) levels in the serum were measured using an autoanalyzer (Hitachi 7170, Tokyo, Japan).
Histological analysis. Sections (4 µm) of formalin-fixed, paraffin-embedded livers were processed routinely for hematoxylin and eosin and azan staining. Immunohistochemical Table I . Primers used for detection of collagen-I, ·-SMa, TGF-β1, cTGF, TiMP-1 and β 2 -MG. ·-SMa, ·-smooth muscle actin; TGF-β1, transforming growth factor-β1; cTGF, connective tissue growth factor; TiMP-1, tissue inhibitor of metalloproteinase-1;
staining of ·-SMa was performed by the avidin-biotinperoxidase complex method. Semi-quantitative analyses of immuno-positive cells were carried out with the adobe Photoshop Image Analyzing System (Adobe Systems Inc., CA, USA) in 10 intralobular ocular fields (magnification x400) per specimen, excluding ·-SMA-positive cells in the portal area.
Analysis of lipid peroxidation and oxidative stress.
immunohistochemical staining for 4-hydroxy-2-nonenal (4-Hne) was performed using anti-4-Hne monoclonal antibody (Nikken Seil, Shizuoka, Japan) according to the manufacturer's instructions. Histological images of 4-HNE staining were randomly selected (magnification x200) and were classified into 4 grades based on the extent of 4-HNEpositive cytoplasmic staining. Immunohistochemical staining for 8-hydroxy-2-deoxyguanosine (8-oHdG) was performed using anti-8-oHdG monoclonal antibody (nikken Seil) according to the manufacturer's instructions. Analyses of immunopositive cells were carried out with the adobe Photoshop Image Analyzing System in 10 fields (magnification x400) per specimen.
Statistical analysis. In order to assess the statistical significance of intergroup differences in the quantitative data, the MannWhitney test was performed (Stat View for Windows; SAS Institute Inc., NC, USA). p<0.05 was considered statistically significant. Values were expressed as the means ± SEM.
Results
Biochemical analysis. BDL rats at 3 weeks (3W) and 6 weeks (6W) had higher levels of T-Bil, AST, ALT and ALP than sham rats. There were no significant differences between the serum biochemical data of the 3W BDL rats and the 3W BDL+PE (2 mg/kg) rats. although low-dose (2 mg/kg) Pe did not affect biochemical results in 6W BDL+PE rats, high-dose (8 mg/kg) PE improved the serum levels of T-Bil, ALT and AST in 6W BDL+PE rats (Table II) .
Preventative effects of perindopril on hepatic fibrosis induced by 3-week BDL. Histological analysis showed that PE administration markedly inhibited the progression of hepatic fibrosis and bile duct proliferation compared with rats in the 3W BDL group (Fig. 1A-C) . PE administration attenuated the increase in hepatic Hyp content ( Fig. 2A) and the increase in mRNA levels of collagen-I (Table III) . in order to clarify the mechanism by which Pe attenuates the development of hepatic fibrosis induced by BDL, we examined ·-SMA-positive cells in the liver. PE administration tended to reduce the increase in ·-SMA-positive cells (46±8.3 for 3W BDL and 25±8.7 for 3W BDL+PE; p=0.11). PE also attenuated the increase in mrna levels of ·-SMa and tended to attenuate the increase in mrna levels of TGF-β1 and CTGF, but not TIMP-1 (Table III) .
Therapeutic effects of perindopril on hepatic fibrosis induced by 6-week BDL.
Liver histology showed that 8 mg/kg but not 2 mg/kg Pe, administered from day 21 to 41 after Bdl, improved hepatic fibrosis and bile duct proliferation caused by BDL (Fig. 1D-F) . PE administration (8 mg/kg) suppressed the increase in hepatic Hyp content by 63% (Fig. 2B) and reduced the increase in ·-SMa-positive cells in the livers of BDL rats [83±13 for 6W BDL, 18±3.7 for 6W BDL+PE (8 mg/kg); p<0.01]. PE administration at 8 mg/kg also reduced the increase in the mrna levels of collagen-i, cTGF and TiMP-1, and tended to reduce the increase in the mrna levels of ·-SMa and TGF-β1 (Table IV) . 
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Influence on the oxidative stress of perindopril in the 3-and 6-week BDL livers. In order to examine the mechanisms by which Pe reduces the activation of HScs and the levels of fibrogenic cytokines, we immunohistochemically examined the specimens using the hepatic oxidative stress markers 4-HNE and 8-oHdG. 4-HNE immunostaining was stronger in the 3W BDL group. This staining was markedly reduced by low-dose (2 mg/kg) Pe administration in the 3-week Bdl models (p<0.05) (Fig. 3A-D, Fig. 5A ). 8-oHdG immunostaining was stronger in the 3W BDL group. This staining tended to be reduced by low-dose PE (p=0.082) (Fig. 3E-H,  Fig. 5B ). Values are the means ± SEM. a p<0.05 compared with 6W BDL group. ·-SMa, ·-smooth muscle actin; TGF-β1, transforming growth factor-β1; CTGF, connective tissue growth factor; TIMP-1, tissue inhibitor of metalloproteinase-1.
in the 6-week Bdl models, although low-dose (2 mg/kg) Pe administration did not affect the expression of 4-Hne and 8-oHdG, high-dose (8 mg/kg) PE administration significantly decreased 4-HNE immunostaining (Fig. 4A-C, Fig. 6A ) and 8-oHdG-positively stained cells (Fig. 4D-F, Fig. 6B ).
Discussion
We evaluated the preventative and therapeutic effects of perindopril (PE) on BDL-induced hepatic fibrosis. The preventative effects were examined using a 21-day oral administration of PE immediately after BDL. We found that low-dose (2 mg/kg) PE prevented hepatic fibrosis induced by 3-week Bdl with the suppression of collagen-i mrna, TGF-β1 mRNA and CTGF mRNA. TGF-β1 and cTGF, a downstream mediator of TGF-β1, are major profibrogenic cytokines (19) . These cytokines also promote the activation, proliferation and extracellular matrix production of HScs (20) . In fact, we found that the number of activated HSCs (·-SMa-positive cells) was reduced by the administration of low-dose PE. The hepatic expression of TGF-β1 mrna and cTGF mrna was lower in the Bdl+Pe group as compared to the BDL group. These findings indicate that PE administra- 
A. B.
tion suppressed the activation of HScs, as well as the synthesis of TGF-β1 and CTGF. A similar preventative effect was reported for another ace inhibitor, captopril (8) , as well as for other aTr1 antagonists, olmesartan (9), irbesartan (21) and candesartan (6, 10, 11) . We then evaluated the therapeutic effects of PE on BDLinduced hepatic fibrosis. These effects were examined using a 21-day oral administration of PE starting 3 weeks after BDL. although low-dose (2 mg/kg) Pe did not decrease the hepatic Hyp content in the 6-week Bdl model, high-dose (8 mg/kg) Pe significantly decreased the hepatic Hyp content as compared to the BDL group. In addition, PE decreased the hepatic mRNA expression of collagen-i, TGF-β1, cTGF, TiMP-i and ·-SMA. This therapeutic effect of Pe indicates that Pe promotes the recovery of advanced fibrosis, such as the cirrhotic liver.
Since anG ii is reported to overproduce reactive oxygen species in vitro and in vivo and to induce the overexpression of cytosolic proteins involved in the activation of nad(P)H oxidase, (22) we focused on oxidative stress as a profibrogenic factor. oxidative stress activates HSCs, induces the secretion of growth factors and profibrogenic cytokines and stimulates collagen synthesis by HSCs. oxidative stress is involved in the fibrogenesis-promoting effects of ANG II. The present study showed that 4-Hne and 8-oHdG were markedly increased in the livers of Bdl rats, and that Pe suppressed the increase in these markers in the preventative model at low doses and in the therapeutic model at high doses. These findings indicate that the antioxidant effects of Pe play an important role in the prevention and treatment of hepatic fibrosis.
We previously demonstrated that low-dose (2 mg/kg) candesartan attenuates hepatic fibrosis in both 3-week BDL and 6-week Bdl models, and that it has preventative and therapeutic effects on BDL-induced hepatic fibrosis (11) . compared with candesartan, Pe does not exhibit more potent antifibrotic effects, for two reasons. First, PE is a prodrug and is converted to its active form, perindoprilate, by hydrolysis in the liver (23) . As hydrolysis activity declines in the cirrhotic liver, PE may not be sufficiently converted to its active form. Secondly, the conversion of ANG II from anG i is performed by both ace and chymase, which is a chymotrypsin-like serine protease present in the secretory granules of mast cells. komeda et al reported that chymase activity in human hepatic fibrosis increases with progression, and that anG ii-forming activity is more closely related to chymase activity than to ACE activity (24) . Therefore, the inhibition of ACE activity alone may be insufficient to reduce the production of ANG II, and the antifibrotic effects of ACE inhibitors may therefore be weak compared to those of anG ii receptor antagonists.
in conclusion, we provide new evidence that perindopril exerts preventative and therapeutic effects on cholestasisinduced hepatic fibrosis by inhibiting the activation of HSCs, decreasing the production of profibrogenic cytokines, and reducing oxidative stress. 
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